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Quantum technology science has emerged as a new rich field
due to its potential applications [1,2], combining and drawing on
the disciplines of physical science, mathematics, computer science,
and engineering. Its aim is to study how these tasks can be accom-
plished and show that the physical laws that are used early can be
explored to develop the different tasks of optics and information
using the features of the quantum mechanical systems. These
quantum characters lead to some advantages and can be exploited
to perform new promising tasks which are impossible in the
classical realm. A generation of well-controlled non-linearity and
non-classicality character is the main research of many scientists
working in the relatively new field of quantum technologies. Inter-
actions of matter with light are widely considered in the literature
and appeared in most processes of quantum optics and informa-
tion [3–5]. The study involving light-matter interactions become
very popular among scientists theoretically as well as experimen-
tally due to its advantageous application for future technologies.
The simple description of quantum light-matter interaction,
namely the interaction between a qubit and harmonic oscillator
is given by the Rabi model [6].
A generation of well-controlled quantum correlations is the
main research of many scientists working in the relatively new
field of quantum technologies [1]. One of the studies of quantumcorrelations is entanglement [7–12]. A prototype system, which
can display quantum entanglement, is the bipartite quantum sys-
tems. One of the most interesting aspects is the entanglement
between light and matter [13,14]. In recent years different devices
have been proposed and realized experimentally to generate quan-
tum entanglement, such as beam splitter [15,16], cavity QED [17],
and NMR systems [18]. Entangled photon pairs are an integral
asset to quantum communication technology with continuous
variables [19]. A bright source of entangled photon pairs could be
useful also for quantum lithography [20]. The transient entangle-
ment of many photon pairs has been shown to exist for a cascade
scheme [21,22], and double Raman scheme [23]. The transient
regime does not provide a continuous source of entangled photon
pairs that could be as typical lasers in continuous wave operation.
Geometric phase is an example of intrinsic feature in quantum
mechanics which has been investigated by almost two generations
of physicists. A considerable understanding of the formal descrip-
tion of quantum mechanics has been achieved after Berry’s discov-
ery [24–27] of a geometric feature related to the dynamics of a
quantum system in the adiabatic and the cyclic unitary evolution
of non-degenerate states. There are plenty of generalizations,
including non-adiabatic [28], non-cyclic and even non-unitary evo-
lution of quantum states. Berry’s showed that the wave function of
a quantum object retains the memory of its evolution in its com-
plex phase argument, which apart from the usual dynamical con-
tribution, only depends on the geometry of the path traversed by
the system, known as the geometric phase factor. This contribution
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ric phase can be expressed as a path integral and via the Stokes
theorem, and can be converted into a surface integral. Therefore,
it behaves like a geometric area. A quantity like an area is less
dependent on the details of time evolution and therefore is less
affected by changes of environmental conditions or an imperfect
control, and hence, is typically more robust. This is the key attri-
bute that makes geometric phase attractive for the implementation
of fault-tolerant quantum computation.
Nonclassical photon pairs driven by laser pulses could be made
sufficiently intense and serves as a new tool for doing quantum
nonlinear optics. Entangled photon pairs are integral assets to
quantum communication technology with continuous variables
[29]. This represents a new kind of correlated photon state, which
is of interest in itself and is likely to find applications in various
fields, for example, in stellar astronomy [30], foundations of quan-
tum mechanics [31], subnatural spectroscopy [32], quantum
lithography [20], and now in quantum microscopy [33]. Transient
entanglement of a large number of photon pairs has been shown
to exist for a cascade scheme [21], and double Raman scheme [34].
The transient regime does not provide a continuous source of
entangled photon pairs that could be as useful and practical as typ-
ical lasers in continuous wave operation. One might wonder
whether the entanglement still survives in the long time limit.
The transient regime where the coupling varies rapidly with
time is of interest. The generalization from the constant coupling
to arbitrary time dependent coupling enables us to describe several
new physical situations not discussed before. A realization of par-
ticular interest when may be the time-dependent alignment or ori-
entation of the atomic/molecular dipole moment using a laser
pulse [35] and motion of the atom through the cavity. More
recently, we have investigated the geometric phase and entangle-
ment of three-level double system under Raman process with
and without photonic band gab (PBG) [36]. It is found that the geo-
metric phase and entanglement are very sensitive to PBG effect,
exhibiting sufficient quantum phenomena. In the present paper,
we consider a single four-level atom illuminated by the pump
and drive lasers as shown in Fig. 1. This scheme leads to generate
controllable non-classical correlated Stokes and anti-Stokes pho-
tons from an atom [33] as well as extended medium [37]. Here,
we develop the model of the four-level double Raman pairs by
exploiting the required best conditions for this system, that are
feasible with real experimental realization. We will explore the
relationship between the quantum quantifiers for the pair of
Stokes and anti-Stokes photons in terms of the physical parame-
ters, including nonlocal correlation, physical properties, and geo-
metric phase with and without time-dependent coupling effect.Fig. 1. An atom with four-level double Raman pairs, when illuminated by a pump
and drive laser, emits a pair of Stokes and anti-Stokes photons. The atom is initially
taken in the ground state (level 3). The pump field Xp which is detuned from 3M 4
transition D, produces the Stokes photon and the control field X that is on
resonance with 1 M 2 transition drives the atom to level 1 producing the anti-
Stokes photon. The detunings are defined as md ¼ x12; mp ¼ Dþx43, and
mkðqÞ ¼ DkðqÞ þx42ð23Þ.Previous works on single atom driven by continuous wave lasers
were based on Schrodinger’s equation [38–40] and master equa-
tion [41]. The former approach yields solutions only for c.w. lasers.
The latter uses the correlation between the atom and field to
obtain quantum regression theorem [42]. A general and more
transparent method for computing correlations is based on Heisen-
berg–Langevin (HL) formulation, which can be extended to include
spatial propagation. However, previous studies have not consid-
ered excitations with laser pulses which provide extra degrees of
freedom for coherent control of non-classicality. It is interesting
to consider the effects of pulse width (duration) and other param-
eters such as chirp, phase, and shape on quantum features of the
photon pairs, as well as on the role of quantum noise [43]. Non-
classical photon pairs driven by laser pulses could be made suffi-
ciently intense and serve as a new tool for doing quantum nonlin-
ear optics. A scheme to generate single-cycle photon pairs has been
proposed [44]. For laser pulses, exact solutions cannot be obtained
using the Schrodinger’s equation. The quantum regression
approach may give numerical solutions for pulses, but cannot
account for spatial propagation.
The paper is organized as follows. In Section ‘‘The model of two
Raman photons with time-dependent coupling”, we present our
coupling scheme of an atom with four-level double Raman scheme
driven by pump and control laser pulses, producing Stokes and
anti-Stokes photons. In Section ‘‘Quantum quantifiers”, we define
the different quantum quantifiers, especially, von Neumann
entropy as a measure of entanglement, Mandel’s parameter to
study the non-classical properties, and geometric phase quantity
for the two-photon state. In Section ‘‘Numerical results and discus-
sion”, we analyze the results with and without time-dependent
coupling effect considering two kinds of the time-dependent cou-
pling. Finally, the main conclusions are summarized in
Section ‘‘Conclusion”.
The model of two Raman photons with time-dependent
coupling
We consider a single four-level atom in the framework of the
double Raman photons scheme, that are generally detuned to the
Stokes ða^kÞ and anti-Stokes ða^qÞ modes, as shown in Fig. 1. The
usual Hamiltonian for the atom interacting with radiation fields
of two lasers is given by [36]
H^intðtÞ ¼ h
X
s¼2;3
X
k
gsk ðtÞa^kj4ihsj exp i k  r  Dktð Þ½  þ H:C:
 
þ h
X
r¼2;3
X
q
grq ðtÞa^qj1ihrj exp i q  r  Dqt
  þ H:C:n o
þ h Xpj4ih3j exp i kp  r  Dt
  þXj1in
2j exp i k3  r  D3tð Þ½  þ H:c:h
o
;
ð1Þ
where Dk ¼ mk x4s, Dq ¼ mq x1s, s; r ¼ 2; 3, D ¼ mp x13, and
Dd ¼ md x12 are the detunings of the Stokes and anti-Stokes fre-
quencies. The terms gkðtÞ ¼ gkf ðtÞ and gqðtÞ ¼ gqgðtÞ are the usual
time-dependent coupling between the atom with Stokes and anti-
Stokes modes, respectively. Since jXpj >> jg3k j and jXj >> jgbqj for
typical lasers, the first two lines of the Hamiltonian in Eq. (1) can
be simplified to
H^intðtÞ ¼ h
X
k
gkðtÞa^kj4ih2j exp i k  r  Dktð Þ½ 
 (
þ
X
q
gqðtÞa^qj1ih3j exp i q  r  Dqt
   	)þ H:c:
ð2Þ
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nant driving laser Dd ¼ 0, the Hamiltonian becomes
H^intðtÞ ¼ h Xpj4ih2j exp½iDt þ
X
k
gkðtÞa^kj4ih2j exp iDkt½ 
 (
þXj1ih2j þ
X
q
gqðtÞa^qj1ih3j exp iDqt
  	)þ H:c:
ð3Þ
For large detuning jDj ﬃ 10jXpj > jXpj, we keep the lowest order
in Xp=D since jXp=Dj2 and higher orders would be negligible [36]
H^intðtÞ ¼ h Xj1ih2j þ
X
k
GkðtÞa^kj3ih2j exp i D Dkð Þt½ ð Þ
(
þ
X
q
gqðtÞa^qj1ih3j exp iDqt
  	)þ H:c:
ð4Þ
where GkðtÞ ¼ g

k
ðtÞXp
Dk
¼ gkðtÞgqðtÞDk ¼
gkgqf ðtÞgðtÞ
Dk
is the usual spontaneous
Raman coupling frequency (which includes the classical pump field
strength Xp ¼ gpap), X is the Rabi frequency associated with the
classical field drives the 2$ 1 transition, and gk, gq are the coupling
frequencies for photon emissions among levels j1i; j2i and j3i.
The atom-photon state vector can be written as
jwi ¼ C0j3; 0i þ
X
k
Bkj2; 1ki þ
X
k
Akj1; 1ki þ
X
k; q
Ckqj3; 1k; 1qi; ð5Þ
with a corresponding two-photon state defined as
j/i ¼
X
kq
Ckqj1k; 1qi; ð6Þ
where the Stokes ða^kÞ and anti-Stokes ða^qÞmodes start from the vac-
uum at the initial time. Substitute Eqs. (4) and (5) into the Schrödin-
ger equation, we have the following ODEs
dC0
dt ¼ i
X
k
Gkf ðtÞgðtÞBkei DDkð Þt
dBk
dt ¼ iGkf ðtÞgðtÞC0ei DDkð Þt  iXAk
dAk
dt ¼ iXBk  i
X
q
gqgðtÞCkqeiDqt
dCkq
dt ¼ igqgðtÞAkeiDqt:
ð7Þ
After tedious calculations, the equations of motion are simpli-
fied as
dBk
dt ¼ iGkf ðtÞgðtÞe i vkvpþx23ð ÞtCt=2½   iXAk
dAk
dt ¼ iXBk  cAk
dCkq
dt ¼ igqgðtÞei vqxacð ÞtAk;
ð8Þ
where we have used C0 ¼ eCt obtained from the usual Weisskopf–
Wigner approximation k ¼ mk=c and q ¼ mq=c with C presents the
spontaneous Raman decay rate and c denotes the light speed in
vacuum.
Solving Eq. (8) under the initial conditions Akð0Þ ¼ 0 and
Bkð0Þ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
QðkÞ
p
where QðkÞ ¼ 1r ﬃﬃpp exp  kk0r 	2
 
with QðqÞ as the
Gaussian probability distribution and Ckqð0Þ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pðkÞpðqÞp , we
obtain the equation that satisfies Ak
d2Ak
dt2
þ cdAk
dt
þ jXj2Ak ¼ XGkf ðtÞgðtÞeht ; ð9Þ
where h ¼ id C=2 with d ¼ x12 x13 þx23. The solution of the
equation isAkðtÞ ¼ fC1 cosðFtÞ þ C2 sinðFtÞgect=2 þ APðtÞ; ð10Þ
where APðtÞ ¼ XGkD^2þcD^þjXj2 f ðtÞgðtÞeht
 
is the particular solution which
depends on the choosing of the time-dependent coupling terms
f ðtÞ; gðtÞ with D^ ¼ ddt. The components of two-photon state are
found to be
CkqðtÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pðkÞpðqÞ
q
 igk IPðtÞ  IPð0Þð Þ þ C1 ICðtÞ  ICð0Þð Þf
þC2 ISðtÞ  ISð0Þð Þg ð11Þ
where
ICðtÞ ¼
R
cosðFtÞgðtÞ exp i vq x13
 
t  ct=2 dt
ISðtÞ ¼
R
sinðFtÞgðtÞ exp i vq x13
 
t  ct=2  dt
IPðtÞ ¼
R
gðtÞAPðtÞ exp i vq x13
 
t  ht  dt;
ð12Þ
and
C1 ¼ APð0Þ ð13Þ
C2 ¼ 1F iX
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pðkÞ
q
 dAPðtÞ
dt

t¼0
 cAPð0Þ=2
 
: ð14Þ
In this work, we take two kinds of coupling terms considering
sin and cosine functions. In the same coupling terms
f ðtÞ ¼ gðtÞ ¼ cosðtÞ, the particular solution is given by
APðtÞ ¼ XGke
ht
2
1
h2 þ chþX2
þ x cosð2tÞ þ ð4hþ 2cÞ sinð2tÞ
x2 þ ð4hþ 2cÞ2
( )
;
ð15Þ
and for different couplings, f ðtÞ ¼ sinðtÞ and gðtÞ ¼ cosðtÞ, the solu-
tion is
APðtÞ ¼ XGke
ht
2
ð4hþ 2cÞ cosð2tÞ  x sinð2tÞ
x2 þ ð4hþ 2cÞ2
( )
; ð16Þ
where
x ¼ h2  4þ chþX2:
In the next section, we will use the analytical results to evaluate
the different quantum quantifiers considered in this manuscript.
3. Quantum quantifiers
To measure the amount of entanglement, we use the von Neu-
mann entropy. For a bipartite system qAB, it is defined as
SV ¼ TrðqA lnðqAÞÞ ; ð17Þ
where qA ¼ TrBðqABÞ is the reduced density operator of the system A.
Here, we are interested in the degree of purity of the subsystem A
whose state qA is obtained from the two-photon pure state defined
in Eq. (6), q ¼ jWihWj, by tracing over the subsystem B. The von
Neumann entropy varies from SV ¼ 0 for a separable pure state to
SV ¼ 1 for a maximally entangled state.
To study the statistical properties of two-photon state in the
present model, we use Mandel’s parameter as a measure of the
non-classical properties. Mandel’s parameter is defined as [45]
QM ¼
hðDNÞ2i  hNi
hNi ¼ 
X
k;q
jCkqðtÞj2; ð18Þ
where hNi the mean photon number of the two-photon state and
DN is the standard deviation. Mandel’s parameter is considered as
an indicator to determine whether the photon distribution of the
two-photon state is sub-Poissonian (1 6 QM 6 0) evidently the
non-classical case, Poissonian (QM = 0) obtained for the case of clas-
sical states, and super-Poissonian (QM > 0). This parameter can be
410 S. Alkhateeb et al. / Results in Physics 6 (2016) 407–413used as a way to study the influence of the different physical
parameters on the non-classical properties of the pair of Raman
photons.For the quantum system evolving from an initial wave
function to a final wave function, if the final wave function cannot
be obtained from the initial wave function by a multiplication with
a complex number, the initial and final states are distinct and the
evolution is non-cyclic. Suppose that the state Wð0Þj i evolves to a
state WðtÞj i after a certain time t. If the scalar productFðtÞ ¼ Wð0Þh j exp i
Z t
0
HintðsÞds
 
Wð0Þj i; ð19Þcan be written as FðtÞ ¼ C expðiUÞ; where C is a real number, then
the non-cyclic phase due to the evolution from Wð0Þj i to WðtÞj i is
the angle/. This non-cyclic phase generalizes the cyclic geometric
phase since the latter can be regarded as a special case of the former
in which C ¼ 1. Determination of the phase between the two states
for such an evolution is nontrivial. Pancharatnam prescribed the
phase acquired during an arbitrary evolution of a wave function
from the vector Wð0Þj i to exp i R t0 HintðsÞdsn o Wð0Þj i as argfFðtÞg:
Subtracting the dynamical phase from the Pancharatnam phase,
we obtain the geometric phase. Here, for the time-dependent inter-
action and considering the resonant case, an exact expression of
the geometric phase can be obtained as [46]UGðtÞ ¼ argfhWð0ÞjWðtÞig: ð20Þ
The polarization properties of a monochromatic light beam can
be represented by a point on the Poincaré sphere [47]. When, with
the help of optical elements such as polarizes and retarders, the
state of polarization is made to trace out a closed contour on the
sphere, the beam acquires a geometric phase. This Pancharat-
nam–Berry phase, as it is nowadays called, is equal to half the solid
angle of the contour subtended at the origin of the sphere [48,49].
On the other hand, it is shown that such a geometric relation also
exists for the so-called Pancharatnam connection, the criterion
according to which two beams with different polarization can be
extended to arbitrary (e.g., non-closed) paths on the Poincaré
sphere and allows us to study how the phase builds up for such
non-cyclic polarization changes [50,51].Fig. 2. The variation of quantum quantifiers of the Raman photon pairs versus frequ
dimensionless time ct ¼ p for x13 ¼ 1015; x12 ¼ x13  1011; x23 ¼ x13 x12, D ¼ 2C, c
the Mandel parameter QM , and (c) is for the geometric phase UG .Numerical results and discussion
In Figs. 2–7, we include the main results by exploiting the influ-
ence of the physical parameters on the quantum quantifiers and
showing the required optimal conditions for the model, that are
feasible with real experimental realization. A reasonable compar-
ison between the solutions with and without atomic motion effect
will enable us to understand the contribution of these kinds of cou-
plings between the atom and photons in the model of pair of
Stokes and anti-Stokes involving Raman emission processes. The
analytical results of the density matrix of the quantum system at
arbitrary parameters for both with and without motion effect are
shown in the method section. For different values of the physical
parameters, the graph keeps the same shape, but with different
numerical values of course. In Fig. 2(a–c) we display the variation
of the entanglement SV , Mandel’s parameter QM , geometric phase
UG versus frequency X=C for the state of two Raman photons with-
out time-dependent effect. Apparently, the von Neumann entropy
andMandel’s parameter evolve inversely in terms of the frequency.
This means that when the two-photon state becomes less classical,
the entanglement between the photons will be increased. Thus
higher values of SV corresponds with smaller classicality of the
two-photon state. On the other hand, the geometric phase exhibits
oscillations and its amplitude takes zero value as the frequency
becomes large. Indeed, the geometric phase factor defined by Eq.
(20) may be understood as the angle phase between the initial
and final states of the two photons, thus the detail of expression
for the geometric phase would depend on the amplitude coeffi-
cients Ckq, where for large weight of frequencies, the termP
kqCkqð0ÞCkqðtÞ takes a real value, which is responsible for collapse
of the geometric phase.
In Fig. 3(a–c) we plot the dynamical behavior of the quantum
quantifiers versus dimensionless time ct without time-dependent
effect with spontaneous Raman decay rate. From the results, we
can find thatSV , QM , and UG present damped oscillations during
the time-evolution and they tend to be a periodic function as the
time becomes large. Interestingly, we see that the Raman process
is able to generate the entanglement between the pair of Stokes
and anti-Stokes photons during the evolution and the amount of
entanglement tends to be stabilized at constant behavior in the
asymptotic ct !1 limit. On the other hand, we find that Mandel’sency C=X in the absence of the atomic motion effect (i.e., f ðtÞ ¼ gðtÞ ¼ 1) with
¼ 107, gk ¼ gq ¼ 2X where C ¼ 108. (a) is for the von Neumann entropy SV , (b) is for
Fig. 3. The variation of quantum quantifiers of the Raman photon pairs versus of the dimensionless time ct in the absence of the atomic motion effect (i.e.,f ðtÞ ¼ gðtÞ ¼ 1) for
x13 ¼ 1015; x12 ¼ x13  1011; x23 ¼ x13 x12, D ¼ 2C, c ¼ 107, gk ¼ gq ¼ 2X where ðC; XÞ ¼ ð108; 5CÞ. (a) is for the von Neumann entropy SV , (b) is for the Mandel
parameter QM , and (c) is for the geometric phase UG .
Fig. 4. The variation of quantum quantifiers of the Raman photon pairs versus frequency C=X in the presence of the atomic motion effect (i.e., f ðtÞ ¼ gðtÞ ¼ cosðtÞ) with
dimensionless time ct ¼ p forx13 ¼ 1015; x12 ¼ x13  1011 ; x23 ¼ x13 x12, D ¼ 2C, c ¼ 107, gk ¼ gq ¼ 2Xwhere C ¼ 108 . (a) is for the von Neumann entropy SV , (b) is for
the Mandel parameter QM , and (c) is for the geometric phase UG .
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exhibiting sub-Poissonian distribution. The geometric phase of
the two-photon state can change from positive to negative values,
showing that the photon polarization is much faster than the
coherence time. Therefore, the geometric phase may be considered
as a tool for testing and characterizing the entanglement during
the Raman process.In the realistic situation, the variation of the
entanglement, statistical properties, and geometric phase of the
two-photon state are deeply influenced by the coupling terms
f ðtÞ andgðtÞ. We explore some interesting kinds of time-
dependent couplings and find behaviors that are in quantitative
agreement with the practical case. We plot Figs. 4 and 5 to showthe variation of SV ,QM , and UG in terms of the frequency X=C and
dimensionless time ct in the case of f ðtÞ ¼ gðtÞ ¼ cosðtÞ. For this
kind of coupling, we obtain that the quantum quantifiers have sim-
ilar behavior, exhibiting oscillations, and their amplitude decreases
with the increase in the frequency and tend to attain a constant
behavior as the time becomes large. This shows that the enhance-
ment of the entanglement can be occurred by a proper choice of
the frequency in this kind of coupling. Interestingly, SV and QM
have identical behavior in terms of the frequency, showing that
the degree of the entanglement will increase as the state of two
photons becomes more classical (i.e., the parameter QM gets close
to zero value). On the other hand, the geometric phase tends to
Fig. 5. The variation of quantum quantifiers of the Raman photon pairs versus dimensionless time ct in the presence of the atomic motion effect (i.e., f ðtÞ ¼ gðtÞ ¼ cosðtÞ) with
for x13 ¼ 1015; x12 ¼ x13  1011 ; x23 ¼ x13 x12, D ¼ 2C, c ¼ 107, gk ¼ gq ¼ 2X where ðC; XÞ ¼ ð108; 5CÞ. (a) is for the von Neumann entropy SV , (b) is for the Mandel
parameter QM , and (c) is for the geometric phase UG .
Fig. 6. The variation of quantum quantifiers of the Raman photon pairs versus frequency C=X in the presence of the atomic motion effect (i.e., f ðtÞ ¼ sinðtÞ, gðtÞ ¼ cosðtÞ)) with
dimensionless time ct ¼ p for x13 ¼ 1015; x12 ¼ x13  1011; x23 ¼ x13 x12, D ¼ 2C, c ¼ 107, gk ¼ gq ¼ 2X where C ¼ 108. (a) is for the von Neumann entropy SV , (b) is for
the Mandel parameter QM , and (c) is for the geometric phase UG .
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nomenon of the geometric phase. In Fig. 5 we show the dynamical
behavior of the quantum quantifiers for this kind of coupling we
find that the quantifiers exhibit the same behavior during the
time-evolution and these quantities tend to stabilize at constant
value when the time becomes large. Also, we obtain that this kind
is able to generate the entanglement between the two photons
accompanied always with a sub-Poissonian distribution. Further-
more, the geometric phase exhibits collapse phenomenon when
ct !1:
We plot in Figs. 6 and 7, the variation of the quantum quanti-
fiers as a function of the frequency and time considering unlike
time-dependent couplingsf ðtÞ ¼ sinðtÞ and gðtÞ ¼ cosðtÞ. We see
that this kind of coupling may slightly affect the behavior of the
quantifiers in terms of the frequency, where the quantifiers have
dissimilar behavior. Interestingly, the entanglement of the two-
photon state exhibits damped oscillations and decreases very
slowly with the frequency accompanied with a sub-Poissonian dis-
tribution. The geometric phase is a periodic function in terms of
frequency without collapse phenomenon. On the other hand, thedynamical behaviors of the quantifiers are found to be similar to
the previous case. These results show that the control and preser-
vation of the quantum entanglement greatly benefit from a combi-
nation of the proper choice of the optimal system parameters
following the kind of the time-dependent coupling during the
Raman process.Conclusion
To summarize, we have developed themodel of a four-level dou-
ble Raman pair by exploiting the required optimal conditions. We
have investigated in detail the variation of the entanglement, statis-
tical properties, and geometric phase of the two-photon state in
terms of the physical parameter involved in the whole quantum
system in the absence and presence of the time-dependent cou-
pling effect. The von Neumann entropy is used to quantify the
entanglement andMandel’s parameter for the non-classical proper-
ties. We have shown that the different quantifiers are very sensitive
to the change of the Rabi frequency and time and they exhibit sub-
Fig. 7. The variation of quantum quantifiers of the Raman photon pairs versus dimensionless time ct in the presence of the atomic motion effect (i.e., f ðtÞ ¼ sinðtÞ,
gðtÞ ¼ cosðtÞ)) with for x13 ¼ 1015 ; x12 ¼ x13  1011; x23 ¼ x13 x12, D ¼ 2C, c ¼ 107, gk ¼ gq ¼ 2X where ðC; XÞ ¼ ð108; 5CÞ. (a) is for the von Neumann entropy SV , (b) is
for the Mandel parameter QM , and (c) is for the geometric phase UG .
S. Alkhateeb et al. / Results in Physics 6 (2016) 407–413 413stantial physical phenomena. We have found that the control and
manipulation of these quantities greatly benefit from the choice
of the physical parameters with respect to the kind of coupling
among the atom and photons during the Raman process. Further-
more, we have explored the relationship among the different quan-
tum quantifiers considering two kinds of time-dependent coupling.
It is expected that our theoretical results can provide an important
reference to implement different tasks of quantum optics and infor-
mation. The present results suggest as a future analysis, consider
initial mixed states since the influence of finite-temperature envi-
ronments on the quantum quantifiers in the presence of the time-
dependent coupling could be contemplated.
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